Over the last decades, the growing energy consumption of commercial and residential buildings has considerably increased the energy-related carbon dioxide (CO 2 ) emissions. At EU level, the Energy Performance of Buildings Directive (EPBD) has introduced the transformation of buildings into nearly zero energy buildings (nZEBs) that cover the majority of their low energy demand by on-site renewable energy sources. In this direction, the project PV-ESTIA ''Enhancing storage integration in buildings with Photovoltaics'' aims at developing and validating various optimal energy management strategies in buildings equipped with Photovoltaics (PV) and storage systems. One of the main requirements for the application of the developed strategies is the accurate computation of energy consumption, and particularly, of heating and cooling energy needs. In this paper, a simple and accurate model based on the ''grey-box'' concept is proposed for the computation of hourly thermal energy needs in different types of premises by using the standard ISO 52016-1:2017. The method's performance is evaluated by comparing the results with those of other simulation programs for ten European cities with climatic variations. It is concluded that the proposed model presents high accuracy on the computation of the operative temperature, since it considers the air temperature, as well as the temperatures and the areas of the internal surfaces. Finally, any deviations with the other simulation tools are due to differences in the internal air temperature, weather data, as well as the approaches of ventilation and shading effects.
I. INTRODUCTION
Nowadays, the reduction of energy consumption and the associated greenhouse gas emissions has obtained growing attention in every sector of the economy. In particular, the sectors of buildings and construction are substantial consumers of energy, since they comprise 36% of the global energy usage and 39% of the energy-related carbon dioxide (CO2) emissions [1] . Concerning the global sectors of residential and commercial buildings, it has been calculated that they comprise 20% of the total energy consumption worldwide [2] . Besides that, it is also predicted that the global energy use of the residential sector will increase by around 2.1% per year, from 2012 to 2040 [2] . At the European Union (EU) level, Ref. [3] also predicts that the increasing trend of the The associate editor coordinating the review of this manuscript and approving it for publication was Guangya Yang . energy consumption at the residential sector is expected to result in 50% rise from 1995 to 2050 taking into account the energy use of 1995 as reference. Consequently, a set of strategies and policies shall be established for the residential properties with respect to the future decrease of the energy consumption.
A growing number of policy commitments and strategies have already been observed in terms of activities at local, regional, national and global levels. In the last two decades, several policies and measures have been adopted in EU so as to reduce the energy consumption in the residential sector. At EU level, the measures regard the eco-design and the energy labelling [4] , [5] , as well as the energy performance and energy efficiency of buildings [6] , [7] . At national level, the respective measures comprise various activities, such as provision of subsidies, information campaigns and energy supplier obligations [8] . To this direction, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ EU aims at reducing the greenhouse gas emissions caused by the building sector up to 80-95% by 2050 compared to 1990 levels, as clarified in the Energy Performance of Buildings Directive (EPBD) [9] . Under the EPBD, the EU member states (MSs) shall implement various measures at the national level, such as the Energy Performance Certificates that are issued when buildings are sold or rented. Besides that, the concept of nearly zero energy buildings (nZEBs) has already been introduced in the EPBD of 2010, while the new constructions shall follow this concept by the end of 2010 [10] . In addition, the directive has introduced a methodology that regards cost-optimal Minimum Energy Performance Requirements (MEPs) for new buildings, major renovations of existing buildings, and replacement of retrofit of building elements. Hence, the MSs have to implement measures and other instruments, such as national financial incentives to improve the energy efficiency of their national building stock and to fulfil the requirements of Article 9 of EPBD [10] .
Concerning the move towards the increasing implementation of nZEBs, the project PV-ESTIA, ''Enhancing storage integration in buildings with Photovoltaics'' is being carried out in the frame of INTERREG Balkan-Mediterranean 2014-2020. The main goals of this project are both the development and validation of optimal energy management strategies for buildings equipped with Photovoltaics (PV) and storage systems. In particular, the optimal sizing of PV and storage systems taking into account both the electrical and thermal needs of the buildings are of main concern. Besides that, the maximization of self-consumption and the increase of self-sufficiency should always take into account the needs of the distribution network.
A plethora of modelling techniques have been reported extensively in the literature for the calculation of thermal heating and cooling demand in buildings and they can be classified into two categories: physical-based, also known as ''white-box'' models, and data-driven which can be further categorized into ''black-box'' models based on analysis of measured time series, and ''grey-box'' or hybrid models as combination of physical and data-driven approaches. All of the above terminologies differentiate the models based on the capability to describe physical phenomena and on their dependence on data. These three categories are presented in the following subsections.
A. WHITE-BOX TECHNIQUES
The physical-based techniques are based on physical parameters and require a relatively large amount of building knowledge for practical implementations. The fundamental principles of physical-based approches are normally based on the theory of heat transfer and thermodynamics and hence, the methods are based on static and dynamic models, linear and nonlinear equations, as well as differentiable, continuous or non-continuous formulations. The complexity of physical-based modeling depends mainly on the chosen precision levels of the known phenomena associated with the building system to be modeled.
A wide variety of building energy simulation programs based on physical-based techniques, have been developed, enhanced and used for the calculation of thermal energy needs in buildings [11] . The simulation tools most commonly used among the scientific community, are EnergyPlus [12] , ESP-r [13] , DOE-2 [14] and TRNSYS [15] and can ensure highly accurate results.
In the literature, physical-based techniques mainly use numerical models based on finite element, finite difference and finite volume approaches for the simulation of thermal energy demand in various buildings [16] - [23] . In [16] , the author developed a finite-difference method to improve the conduction heat transfer through walls when implementing it in TRNSYS. In addition, an explicit finite-difference method coupled with an enthalpy method to model the thermal behaviour of walls with Phase Change Materials (PCM). Ref. [17] presents a three-dimensional, finite-element, heat-transfer methodology to analyze ground-coupled heat transfer from buildings and the results are compared with the simple ground-coupled heat transfer models applied in commercial simulation tools. Authors in [18] present a dynamic thermal model based on TRNSYS for a building with an integrated ventilated PV façade solar air collector system. A finite difference method is used for the dynamic PV façade thermal model, while heat transfer modelling for the other surfaces of the building is implemented in TRNSYS. In [19] , an estimation model was developed for the heating and cooling demand of a residential building with a different envelope design using the finite element method. Authors in [20] developed a dynamic model for the thermal transient analysis of typical single-zone building considering solar irradation and internal radiation. The dynamic behaviour of the indoor temperature is simulated by a finite element model with a lumped approach using a state-space representation developed in MATLAB/Simulink. In [21] , the simplified analytical model considers the radiative heat on the inner surface of external envelopes for improving the accuracy of the ''airto-air'' conduction method. The main goal of the model is to evaluate the impact of inner radiant heat effect on cooling load. Ref. [22] presents a simplified building simulation tool to evaluate energy demand and thermal indoor environment in the early stages of building design. The model is based on limited input data with regards to building design, HVAC systems and control strategies. Hourly values for energy demand and indoor temperature are computed with respect to hourly weather data. Authors in [23] analyze different levels of model complexity, from commercial building energy simulation tools to low order calibrated thermal network models. Experimental data from a residential building in Germany were collected and used to validate two detailed white-box models and a simplified white-box model.
White-box techniques are not practical for large buildings due to: (i) the high computational time required especially for the simulation of hourly thermal energy needs on an annual basis, (ii) their practical application only for simple buildings due to the difficulty to calibrate the model parameters for buildings with limited sensor information, and (iii) the considerably high amount of building information required for parameter setting.
B. BLACK-BOX TECHNIQUES
As for the black-box models, the parameters can generally be adjusted automatically on the contrary to white-box models where calibration is required. Regarding the internal structure of black-box models, the formulations can be static or dynamic, linear or nonlinear, in the same manner to physical-based techniques. The techniques based on black-box models can be classified into two general types: (a) statistical methods, and (b) supervised machine learning techniques. The former methods are usually related to multiple linear regression models [24] - [27] . Albeit statistical methods are relative straightforward to implement, they can only capture linear relationships among building variables. Since building operations are typically complicated nonlinear, the resulting accuracy of statistical methods can be inadequate. Therefore, supervised machine learning algorithms are mostly applied and the most commonly used methods include support vector machines (SVMs) [28] - [31] and artificial neural networks (ANNs) [31] - [35] .
In [24] , the sensible cooling load procedure is based on linear regression to find relationships between design conditions, building characteristics, and peak cooling load predicted by residential heat balance. This eliminates the need for semi-empirical adjustments, such as averaging, that have been used in the development of other techniques. Ref. [25] developed and validated metamodels of heating and cooling energy needs for single family houses in six Moroccan climate zones. These metamodels are based on a regression approach with a set of dynamic simulations of the building behaviour. In [26] , EnergyPlus is used within a Monte Carlo framework to develop a multivariate linear regression model based on 27 building parameters relevant to the early design stages. Besides that, standardized regression coefficients are presented to quantify the sensitivity of heating, cooling and total energy loads to building design parameters across four different climate zones. Authors in [27] developed regression models that predict office building annual heating, cooling and auxiliary energy requirements for different HVAC systems as a function of office building heating and cooling demands. A large number of building parameters were considered such as built forms, fabrics, glazing levels and orientation leading to 23'040 possible scenarios that were created and simulated through EnergyPlus.
Ref. [28] proposes a prediction model for building energy consumption using SVM technique. The selection of the relevant data to train the SVM model is based on dynamic time warping. Furthermore, a pseudo-dynamic model is applied to encompass the thermal inertia of the building, since it considers information of transition of energy consumption effects and occupancy profile. In [29] , short-term multistep-ahead predictive models of heat demand for consumers connected to district heating system are developed using SVMs with Firefly Algorithm (FFA), which is used to optimize SVM parameters. Short-term multi-step ahead predictive models of heat demand of consumers connected to a district heating system are also developed in [30] . The models are developed using the novel method based on SVM coupled with a discrete wavelet transform.
Except the SVM technique, ANNs have largely been applied for the calculation of thermal energy demand in buildings. In [31] , traditional back propagation neural network (BPNN), the radial basis function neural network (RBFNN), general regression neural network (GRNN) and SVM techniques are presented for the prediction of hourly cooling demand in a building. Authors in [32] developed an ANN-based advanced thermal control method that consists of a thermal control logic framework with four thermal control logics therein, including two predictive and adaptive logics using ANN models, and a system hardware framework. Ref. [33] developed a surrogate method based on ANN model to speed up the thermal comfort prediction for any member of a building category. The ANN model is generated under MATLAB environment using the data obtained from EnergyPlus simulations for linear-type social housing multi-family buildings in southern Spain. Ref. [34] presents a simulation-based ANN model to characterize building behaviour and in combination with a multiobjective Genetic Algorithm (NSGA-II) for the optimization of thermal comfort and energy consumption in a residential house. In [35] , the developed model optimizes the passive design of newly-built residential buildings in China for improving thermal comfort while reducing energy demand of the building. The optimization approach includes: (i) the multi-objective optimization, (ii) sensitivity analysis for reducing the dimensions of input variables, and (iii) the NSGA-II coupled with the ANN.
The main disadvantage of black-box models is their implicit relationship with the physical fundamental principles, especially when there are limited inputs from the building system. Besides that, the black-box models also have limited flexibility, since any change required to describe a slightly difference in physical nature of the model might lead to considerable modifications of the rules or bulk parameters.
C. GREY-BOX TECHNIQUES
The drawbacks of the black-box models could be faced with the use of the grey-box or hybrid models which are more generic, since they can be adapted to model variations in a design. The grey-box models are mixed or transitional forms of white-box and black-box models. The parameters of grey-box models are empirical with a physical significance and can be defined with respect to measured data of a real system. Hybrid models can be developed for the individual components of a system or for a larger complex system. One of the most commonly used grey-box techniques is the representation of the thermal network of a building with a VOLUME 8, 2020 lumped approach of capacitances and resistances, where the definition of parameters is also based on measured data of a real system.
In [36] , a time-series cooling load model deduced from a simplified resistance-capacitance (RC) model approximates the building envelope and internal mass. The performance of the method is tested on a thermal zone in an office building, defined in EnergyPlus as a single zone with an ideal HVAC system. Ref. [37] also presents RC models based on prior physical knowledge and data-driven modelling. The models facilitate insight into various hidden information about the physical properties of the building, such as thermal conductivity, heat capacity, heat capacity of different parts and window area. Authors in [38] propose a simplified thermal network model, where the model parameters of the building envelope are determined using available physical details and the building internal mass is presented with a thermal network structure of 2R2C model. Ref. [39] developed a building model based on a 4R2C approach to simulate the heating load and indoor temperature. In [40] , the proposed 7R5C model can accurately calculate thermal demand of a building. The model is combined with weather prediction models operated by a model predictive controller to forecast indoor temeratures for specified rates of supplied energy.
Other grey-box models are based on combinations of RC models for various elements of the building envelope. In [41] , the proposed model of heating floor connects a water loop model (1R2C) with two wall models (3R4C). Ref. [42] established second-order simplified formulations for 3TC and 2TC buildings thermal models with straightforward modifications which can improve their accuracy without compromising their simplicity or speed. Authors in [43] , [44] propose a grey-box model for building envelope, where the walls and roofs are represented with 3R2C, while the internal mass, including partitions, furniture, etc., is represented with lumped thermal internal mass of 2R2C. In [45] , the simple dynamic model consists of several transient energy balance equations for external walls and internal air according to a lumped-capacitance approach for each of the building envelope elements (walls, floor and roof).
Several references have also applied the ISO EN 13790:2008 standard, which proposes a 5R1C thermal model for the calculation of hourly heating and cooling energy demand of buildings [46] - [49] . Authors in [46] propose a 5R1C thermal model based on EN ISO 13790:2008 and allows the correct estimation of the user profile with limited and not sufficiently precise input data. In [47] , the proposed method is compared to EN 13790:2008 and it differs, since it considers additional physical laws for the conversion of solar short-wave thermal radiation energy admitted into the room into thermal energy. Ref. [48] presents a simplified standalone, building energy standard based on EN 13790:2008 that was developed by Global Sustainability Assessment System (GSAS) to support Qatar's and the MENA region building energy ratings. In [49] , the annual heating and cooling energy needs are calculated for residential and commercial buidlings, through EnergyPlus, ISO 13790:2008 and INVERT/EE-Lab -Thermal Module, which models the stock of buildings in a highly disaggregated manner.
Nowadays, the grey-box approaches are mostly preferred over the black-box ones due to the lack of the physical interpretation of the results in the latter models. Finally, the hybrid models can provide smooth solutions based on twice differentiable equations which enhance the robustness of the dynamic optimization compared to the black-box models which are based on global optimization methods.
D. MAIN PAPER CONTRIBUTIONS
As a replacement of the simplified method used in ISO 13790:2008, the ISO 52016-1:2017 standard introduced a new methodology for the assessment of the building energy performance. To the best of the authors' knowledge, a limited number of studies have been carried out for the performance of the standard with respect to the hourly heating and cooling energy needs of buildings [50] , [51] . In [50] , the quasi-steady procedure of EN ISO 52016-1, which uses the concept of the utilization factors for energy gains and heat transfer, was developed. In particular, a calibration of the summer quasi-steady models was carried out, by means of the results provided by TRNSYS, referring to different configurations of two buildings. However, the authors focused only on the comparison of monthly cooling demands between EN ISO 52016-01 and TRNSYS. Ref. [51] presents a comprehensive analysis of the ISO 52016-1:2017 accuracy with respect to a wide range of building uses, envelope properties, as well as annual and hourly heating/cooling needs. The analysis was performed by comparing the results from the standard with the dynamic simulation in TRNSYS. Nevertheless, the study has not considered the impact of different building locations on the thermal energy needs.
Since the project PV-ESTIA focuses on the development of optimal energy management methods with PV-storage systems for various types of buildings, it is of upmost importance to calculate the hourly heating and cooling energy needs in different European countries. To this direction, this paper develops a simple and accurate method based on ISO 52016-01 for the computation of hourly heating and cooling energy needs in different types of buildings. The method was firstly presented and evaluated for a multi-apartment block in [52] . While in this work, the model is evaluated in two different instances of residential buildings, the robustness of the method ensures its applicability for other types of premises as well. Since the proposed model is considered as one of the modules that comprise the optimal energy management strategies developed in the frame of PV-ESTIA project, it should guarantee high accuracy and simplicity. The performance of the model is evaluated by comparing the results of the proposed model with the results from the European project ENTRANZE [49] , where the EnergyPlus, EN 13790:2008 and INVERT/EE-Lab -Thermal Module were utilized.
E. PAPER STRUCTURE
The remainder of this paper is structured as follows. Section II describes the formulations of the thermal energy model utilized for the simulations. Next, the thermal energy calculation procedure is presented in Section III, followed by the inputs and assumptions that are provided in Section IV. The results are presented and interpreted in Section V, while the summary of conclusions is provided in Section VI.
II. THERMAL ENERGY MODELING
The proposed thermal model used for the computation of internal air temperature, as well as of both heating and cooling energy needs in residential premises, on hourly basis for the whole year, is based on the hourly calculation method of EN ISO 52016-01:2017 [53] .
Several assumptions are made in the proposed model for simplicity reasons. First, the ventilation and infiltration components are aggregated, and no air handling units are considered for the residential buildings. In addition, a single thermal zone is considered for each building envelope, thus, a common temperature is assumed for the total volume of each investigated building. Besides that, the opaque building elements are considered to be composed of thermally homogeneous layers, while the thermal bridges in the building envelope are omitted.
A. HOURLY METHOD
The hourly heating and cooling energy needs of a building are defined by a set of energy balance equations. First, the internal operative temperature shall be calculated for the definition of the energy needs. The energy balance equations consider the effects of transient heat transfer between the exterior and the interior of the building components, as well as the effect of the thermal mass. In particular, one energy balance equation is considered for the thermal zone of the building, and one energy balance equation for each node of the building elements.
As depicted in Fig. 1 , the glazed elements (windows) are modelled with one layer of two nodes, while the opaque building elements (walls, roof and floor) are divided into four layers and five nodes. The numeration of nodes is set from exterior to interior with regards to a convention, thus, the first node corresponds to the closest node to the outer surface of the element, and the last node represents the inner surface of the building component. Concerning the building nodes, The temperatures θ air,t and θ ext,t correspond to the internal and external air temperatures, respectively, while the temperature θ surf ,k,t represents the temperature of the last node of each element k. In addition, the internal gains int,t , solar gains sol,t and thermal loading due to heating or cooling, HC,t are taken into account. The corresponding convention factors f int , f sol and f HC are equal to 0.40, 0.10 and 0.40, respectively, according to [53] .
B. SYSTEM OF LINEAR EQUATIONS
The system of linear equation has the typical form Ax = B, where A corresponds to a square matrix with the coefficients of the unknown temperatures θ i,t (in • C), B is a vector that includes the source terms and boundary conditions, and the x vector represents the unknown temperatures. The linear equations are based on the primary energy balance equation, as follows:
where t is the hourly timestep (in sec) and C i , H i,t , i,t represent the thermal capacity (in J/(m 2 ·K)), conductance (in W/(m 2 ·K)) and gain (in W) of the building component i at time increment t, respectively. The one-dimensional, unsteady heat conduction equation can be discretized through (1) in an implicit form.
C. THERMAL ZONE LEVEL
The energy balance of the thermal zone considers the heat transfer of each building component with area A k , the internal air, as well as the thermal inertia and the heat transfer coefficients due to ventilation, H vent,t and infiltration, H infilt,t , as depicted in (2), as shown at the bottom of the next page.
The internal thermal capacity of the thermal zone, C int is computed by:
where k int represents the thermal capacity of air and furniture and is approximately 10'000 J/(m 2 K) [54] . The useful floor area A use consists of the horizontal area in each building level that is enclosed inside the building envelope and expected to be heated more than 10 • C. The conventional internal surface heat transfer coefficient h int,conv,k of each element A k depends on the direction of the heat flow, and is equal to 5.00, 2.50 and 0.70 W/(m 2 ·K) for upwards, horizontal and downwards direction, respectively [53] .
The ventilation heat transfer coefficient H vent,t is computed considering the hourly air flow rate, q V ,t , as follows:
where ρ α is the air density at 20 • C, which is 1.204 kg/m 2 , and c α is the specific heat of air at constant pressure, which is 1006 J/(kg·K). The q V ,t can be considered as equal to 0.5 l/s per m 2 of the useful floor area in case of residential buildings [55] . In the same manner to ventilation, the heat transfer coefficient for infiltration can also be assumed as 0.5 changes per hour (ACH) [56] .
The internal heat gains of the thermal zone are computed by:
where the internal gains of occupants, q occ and appliances, q app are given in [55] . For the purposes of this study, the usage factors for occupants, F occ,t and appliances, F app,t in case of residential dwellings can also be determined by [55] . According to [53] , the total solar heat gain through glazed elements are calculated, as follows:
where the g-values, g k and the frame area fractions, F fr,k are referred to glazing element k of the building, and I k,t corresponds to the incident solar radiation. The shading factor values s k can be either constant or variable with respect to a specific shading schedule.
D. BUILDING ELEMENT LEVEL
As already mentioned, the energy balance equations at each building element include one equation for each of the building element nodes, particularly, internal and external surface nodes, as well as the inner nodes. Equation (7), as shown at the bottom of this page, represents the energy balance equation for the internal surface node of each building element. Concerning the areal heat capacity k n , we define the class of the building element with regards to its mass distribution. The existence of insulation has impacts on the thermal mass distribution of the opaque elements. On the other hand, the areal heat capacity of the windows is zero, since the thermal mass of glazing components can be neglected.
Regarding the opaque components of the building in contact with the air, each node has a different areal heat capacity with respect to the mass distribution in the component. In particular, the mass distribution is classified into five categories: (a) mass concentrated at the internal side, (b) mass concentrated at the external side, (c) mass divided over interior and exterior, (d) equally distributed mass, and (e) mass concentrated at the inner part of the element, as shown in Table 1 . Table 2 displays default values for k m , as suggested in [53] . Regarding the opaque components in contact with the ground, the areal heat capacity for all nodes with respect to the type of mass distribution is also displayed in Table 1 . In particular, k gr corresponds to the areal heat capacity of the fixed ground element for a thick ground layer of 0.5 m. Table 3 shows different values of k gr with respect to the type of soil and various cases, according to [57] . On the contrary to the conventional surface heat exchange coefficients, the internal radiative surface coefficient, h int,rad is equal to 5.13 W/(m 2 ·K), regardless of the heat flow direction [58] . As shown in (8) at the bottom of this page, the total area of the building components A tot is also required.
In the same manner to the areal heat capacity, the conductances h n between the nodes of the building components depend on their class. As a result, different values are considered for opaque components in contact with the external air and for opaque components in contact with the ground and glazed components.
As for the opaque components in contact with the external air, the conductances between the nodes are provided by:
where R k represents the thermal resistance of the building component k in (m 2 ·K)/W. According to [59] , the thermal resistance R k is determined by:
where R si and R se are the thermal resistances for the internal and external surfaces, respectively.
Concerning the glazed components, the conductance between the nodes, h 1 is equal to 1/R k , where R k is calculated by (10) , and the U-value of the window includes the frame as well.
As for the components in contact with the ground, the conductances between nodes are as follows:
where R ground corresponds to the thermal resistance of 0.5 m of ground, in (m 2 ·K)/W and is equal to 0.5/λ ground . The thermal conductivity of the ground λ ground depends on the type of soil [57] , and is depicted in Table 3 . Regarding the elements in contact with the ground, the thermal resistance, R k , is computed by (10) neglecting R se .
Equation (12), as shown at the bottom of the next page, represents the energy balance equation for the internal nodes of each surface, while the corresponding equation for the node of each external surface is provided in (13) , as shown at the bottom of the next page. As for the external surface heat transfer coefficients, the conventional coefficient, h ext,conv and the radiative coefficient, h ext,rad are considered as equal to 20 W/(m 2 ·K) and 4.14 W/(m 2 ·K), respectively, according to [58] .
Regarding the elements in contact with the ground, the external convective and radiative surface heat transfer coefficients are substituted by the heat transfer with the ground. The heat transfer with the ground is represented by 1/R ground,virtual , where R ground,virtual corresponds to the thermal resistance of a virtual ground layer. Based on [57] , this thermal resistance is computed, as follows:
where R floor represents the thermal resistance of the floor. The solar absorption coefficient, a sol at the external surfaces of the building depends on the surface color, as explained in [53] . A typical value for light, intermediate and dark colors is 0.30, 0.60 and 0.60, respectively. As for the components in contact with the ground and glazed components, this coefficient is equal to zero.
The thermal radiation to the sky, sky is computed by: where the view factor from each component to the sky, F sky is 1 for roofs and 0.5 for vertical walls. The average difference between the apparent sky temperature and the air temperature, θ sky is 9 K, 11 K and 13 K, in sub-polar, intermediate and tropical zones, respectively [53] .
III. THERMAL ENERGY CALCULATION ALGORITHM
The hourly thermal energy consumption depends on the internal air temperature, which depends on the temperatures at the previous time increment and the boundary constraints. The hourly thermal energy needs are indicated by HC,t . At each time increment, the procedure displayed in Fig. 3 is carried out. First, the internal operative temperature is calculated assuming zero thermal energy demand for the building, therefore, it is considered as operative temperature in free-floating conditions (θ 0 ). The range of setpoints determines if there is need for heating or cooling the building. If θ 0 remains inside the predefined range, no thermal energy demand exists. The internal air temperature, as well as the temperatures of all the nodes remain constant at the next timestep, therefore, they shall be stored for the following timestep.
When the operative temperature is outside the range, thermal heating or cooling of the building is needed. In this case, the thermal energy demand is set to the maximum available power capacity of the heating or cooling units, HC,max , and the new operative temperature θ lim , which corresponds to the maximum or minimum possible value, is computed. Next, the operative load is provided by:
The operative load is compared with the rated power capacity for heating or cooling HC,max . If the computed load is lower than the rated power capacity, the final load will be the computed one, and the actual operative temperature will be set to the setpoint θ setpoint . Next, the internal air temperature and the temperature of each node will be calculated using the previously computed load and will be stored for the next timestep. If the operative load is higher than the rated power capacity, the final load will be set as the rated power of the thermal unit and the temperatures for the next timestep will be equal to the ones calculated for the maximum available power. The operative temperature θ oper,t is computed, as follows:
where θ mean,t corresponds to the mean radiant temperature that is the weighted average of the internal surface temperature of all the building elements:
For the high accuracy of the model, the appropriate input of the previous node temperatures should be used, therefore, an initialization procedure is carried out by applying the proposed thermal energy calculation algorithm with historical data of one month, such as December, for the sake of consistency.
IV. INPUTS AND ASSUMPTIONS
Two types of residential buildings, as presented in [49] , are examined for ten locations in different EU countries: For both types, a constant infiltration rate of 0.77 ACH is assumed during the year, while a constant ventilation rate of 0.5 l/s per m 2 is considered only at summer nights. The weekly schedules for both occupants and equipment are provided in Appendix A. The temperature setpoints for heating and cooling are considered to be equal to 20 • C and 26 • C, correspondingly, and are continually applied, as the occupancy factor profile F occ,t considered has non-zero values. Concerning the absorptivity of the walls, intermediate colors were considered for the walls of both buildings. The thermal mass distribution is assumed to be concentrated at the internal side for the roofs and divided over interior and VOLUME 8, 2020 exterior for the insulated walls. In case of insulation absence, the mass is equally distributed on the opaque components. The profiles of hourly external air temperature and solar irradiance in the surfaces of each building during the year using specific coordinates are given by [60] . The main characteristics related to geometry and internal gains are provided by [49] , and are described in the next subsections. Despite the various building architectures used in different European areas, the same architecture was considered in all examined countries for each type in order to obtain credible comparison results.
A. SINGLE-FAMILY HOUSE
The building, which is selected as reference for single-family house, consists of an underground level and two floors over level and has a conditioned surface area of about 140 m 2 . Fig. 4 displays the prospects of the building, where the dimensions of both opaque and glazing building elements are provided. The main fixed and variable characteristics of the single-family house with respect to the locations of the investigated countries are displayed in Appendix B.
B. MULTI-APARTMENT BLOCK
The multi-apartment block is composed of four floors and a cellar, with conditioned area of about 1000 m 2 , as displayed in Fig. 5 . The main characteristics (fixed and variable by country) involved in the simulation task are provided in Appendix B. 
V. RESULTS

A. SINGLE-FAMILY HOUSE
First, the hourly heating and cooling energy needs, as well as temperatures of internal and external air for a single-family house in Vienna are displayed in Fig. 6 . As can be observed, the heating and cooling seasons are distinctly divided, while there are short time intervals in spring and autumn with zero thermal energy needs. Besides that, the heating needs show a gradual increase from September to December, with a peak value of about 65 W/m 2 and a gradual decrease from December to May, with a local peak value of about 45 W/m 2 in March. On the other hand, the cooling needs present a non-uniform distribution from May to August with a peak value of around 30 W/m 2 .
It is also evident that the internal air temperature of the investigated single-family house remains inside the range [20 • C 26 • C], as predefined by the heating and cooling setpoints. To be highlighted, the temperature setpoints are set for the whole year, while in practice, the occupants usually deactivate the space heating/cooling when they are absent. Hence, the results are expected to be slightly conservative compared to the real thermal energy needs. It can also be noticed that from March to October there are time intervals when no energy needs for heating and cooling exist, since the internal air temperature remains inside the range [20 • C 26 • C].
Next, the outcomes of the developed method on annual and monthly basis are compared with the outcomes derived from other simulation tools for various European locations in the frame of the project ENTRANZE [49] .
As illustrated in Table 4 , the annual heating and cooling needs from the application of ISO 52016-1 model have differences with EnergyPlus, EN13790 and INVERT/ and plaster. On the contrary, the cooling energy needs are considerably lower than the heating energy needs. Only in Seville, the aforementioned needs have slight difference due to the high temperature profile of the external air. Fig. 7 depicts the monthly heating and cooling energy needs of a single-family house located in the investigated cities. It is evident that the results from the evaluated models with regards to heating demand have slighter differences compared to the respective results of cooling energy needs. Besides that, it can be noticed that the building located in the most southern investigated city of Seville presents the lowest peak heating needs and the highest peak cooling needs due to the high temperature profile during the year. On the other hand, the buildings located in Bucharest and Helsinki show the highest peak heating needs and the lowest peak cooling needs, respectively. In terms of heating demand, the highest deviations of ISO 52016-01 with the other simulation tools were noticed for the buildings in Prague and Helsinki. Concerning for the cooling demand, the monthly differences of ISO 52016-01 with the other models vary from location to location during the summer period, while the accuracy is considerably high for the other months of the year.
B. MULTI-APARTMENT BLOCK
In case of the multi-apartment block, the heating and cooling energy needs are clearly discriminated, as illustrated in Fig. 8 . In the same manner to the single-family house, the heating energy needs present a gradual increase from September to December with several local drops in November, December and January. However, the peak value of heating demand is about 10 W/m 2 lower than the single-family house with a local peak of about 35 W/m 2 at the end of March. On the contrary, the cooling energy needs show a non-uniform distribution from May to August with the highest values in June and July, and peak value of less than 30 W/m 2 .
Similarly to the single-family house, the internal air temperature of the examined multi-apartment block remains inside the range [20 • C 26 • C]. The multi-apartment block is also considered as a single zone, therefore, it is assumed that the total building is heated or cooled even when the occupancy is almost zero. Consequently, the calculated thermal energy needs are expected to be higher than the real ones, though there are time intervals during the year when no space heating and cooling are required, similarly to the case of single-family house. In practice, the occupancy of multi-apartment dwellings shall be computed for the occupants of each apartment, nevertheless, the variability of occupants' habits might burden the determination of multiple occupancy profiles. This was the main reason why in this study the same occupancy profile was used for both types of buildings.
The results of the proposed model on annual basis are compared with the results from other simulation tools in Table 5 . As for the heating energy needs, the results of ISO 52016-01 have slighter deviations with EnergyPlus and EN13790 in comparison to INVERT/EE-Lab outcomes. On other hand, deviations of cooling energy needs vary from location to location, however, the differences are considerably shorter compared to the single-family house. In addition, in case of the building located in Seville, the annual cooling energy needs are higher than the annual heating energy needs due to the high temperature profile of the external air. Concerning the other locations, the annual heating demand significantly outweigh the annual cooling demand. In the same manner to the single-family house, the building located in Helsinki has the lowest heating energy needs due to lowest U-values of walls, roof and basement. In addition, the multi-apartment block located in Paris has the highest heating energy needs due to the highest U-values of the bulding elements. Fig. 9 illustrates the monthly heating and cooling energy needs of a multi-apartment building located in the examined cities. It is evident that the outcomes related to heating demand have slighter deviations among the simulation tools compared to the outcomes for the single-family house. In addition, the highest differences were noticed for the multi-apartment dwelling located in Seville. As for the peak value of heating demand, the buildings in Bucharest and Paris have the highest values of about 35 W/m 2 . In terms of cooling demand, shorter variations among the simulation tools were also observed compared to the single-family house. Besides that, the results of ISO 52016-01 for the buildings in Seville, Madrid, Rome, Milan and Vienna have the shorthest deviations with the other simulation tools. When applying the proposed model, the highest peak value of cooling demand was around 12 W/m 2 for the building in Seville, while the lowest peak value was 0.2 W/m 2 for the block in Helsinki.
C. DISCUSSION AND FUTURE WORK
Due to the different computation, the different level of building complexity, and the utilization description in the four simulation models, the thermal energy needs vary. Furthermore, any deviations on the results can also be influenced by different climate data that might have been used in the first three models. Particularly, any differences of ISO 52016 with EN 13790 can be due to the fact that a typical day per month was selected for the latter tool, while hourly data for each day of the simulated year were used for the former method. Concerning the g-values, EnergyPlus and EN 13790 models compute dynamic g-values, while both INVERT/EE-Lab and ISO 52016-01 models define constant values for each building.
Regarding the ventilation mechanism, the outcomes from EnergyPlus are derived using a complex ventilation control, which dynamically varies the ventilation rate with respect to indoor air condition and number of occupants per square meter. Besides that, variable ventilation rates were defined for different usage types of rooms (e.g. aisles, stairways, baths). In EN 13790 model, the ventilation rate can be hourly specified for the entire building, while the INVERT/EE-Lab approach specifies the ventilation rate between day and night times, non-using hours or using days and non-using days. On the contrary, a consistent ventilation rate of 0.5 l/s per m 2 was considered for the proposed model at summer nights. In addition, shading effects were only included by the other simulation programs.
As for the operative temperature, the proposed model considers both the internal air temperature and the internal surface temperature of all the building components. On the other hand, EnergyPlus and EN 13790 use the air temperature as operative temperature. As for the INVERT/EE-Lab model, the operative temperature was defined as follows:
where θ s,t is a combination of the air temperature and the mean radiant temperarure weighted by the internal surface convective and radiative coefficient. In addition, the monthly quasi-steady-state approach used in INVERT/EE-Lab model is not applicable in an hourly basis. It is also evident from the results that the INVERT/EE-Lab model leads to higher thermal energy needs compared to ISO 52016-01 model. From the above discussion, it is concluded that the proposed model can approximate more accurately the operative temperature, since it takes into account the air temperature, as well as the temperatures and the areas of the internal surfaces. Using the EN ISO 52016-01 approach, the more complex operative temperature is applied as set temperature and it might also have impact on variations of the results. This simplified modelling considers the properties of the different property elements separately, unlike other modelling strategies that take into consideration an overall U-value of the property. Besides that, the opaque property elements are modelled according to their mass distribution, which improves the accuracy of the model. These two reasons make this way of modelling very adequate when analysing an existing property and the possible addition of insulation. Moreover, the hourly timestep considers several aspects that other simplified modelling does not take into account or does not model in a reliable manner, such as solar heat gains or thermal inertia. The computational time for the calculation of heating and cooling needs throughout the year for one property, once the property data are imported, is less than 20 seconds. The simulations were carried out by a 64-bit system processor with CPU 2.3-2.4 GHz and RAM of 8 GB.
Due to the simplifications made in the energy model, there is a series of limitations that need to be considered before using the model. The model does not consider the effect of thermally unconditioned areas within the property. However, if this is applied, the complexity would considerably increase, since the model should be especially designed for each specific property. One of the aspects that has not been taken into account is the effect of thermal bridges, thus, it would be interesting to study further.
Although the buildings examined are not located in any of the participant countries of the project PV-ESTIA, the proposed method can also be applied for any type of premises located in these countries. Ref. [61] provides examples of Greek premises located in different climatic zones for different insulation thickness of the walls. For an average insulation thickness of 4 cm, the annual heating energy needs range from 25 kWh/m 2 in Crete to 150 kWh/m 2 in Florina. On the other hand, the annual cooling energy needs present a respective range from 15 kWh/m 2 in Florina to about 50 kWh/m 2 in Athens. By comparing the aforementioned data with the outcomes of Tables 4 and 5, it is evident that the thermal energy needs in Greek premises can show high variabilities with respect to their location. In addition, the thermal energy demand in Greek buildings can approximate the respective values of buildings located in cities with warm climate such as Seville and Rome, as well as cities with continental climate, e.g. Bucharest, Prague and Vienna. In [62] , the thermal energy needs for Cypriot residential buildings are assessed. For a single-family house constructed after 2006, the annual heating and cooling needs are about 36 kWh/m 2 and 50 kWh/m 2 , respectively. In this case, the thermal needs approach to large extent the outcomes for the single-family house located in Seville due to the similarities in climatic conditions.
In terms of future work, the proposed thermal model is going to be combined with a stochastic technique for the calculation of the electrical energy consumption profile. Next, both thermal and electrical energy demand profiles can be used for the calculation of the optimal PV-storage system for various types of buildings, as well as to achieve optimal energy management with the proposed reinforcement solution.
VI. CONCLUSION
In this paper, a new method based on ISO 52016-01:2017 is proposed for the calculation of hourly heating and cooling energy needs in different types of buildings. The approach is considered as grey-box, since it combines physical-based formulations of the building envelope and measured data of various building parameters related to the architecture, material and weather-related data. The model computes the internal operative temperature on hourly basis for the whole year considering the external air temperature and the energy balance equations of the building components. Regarding the thermal energy calculation algorithm, space heating or cooling is required when the internal operative temperature cannot remain inside a temperature range predefined by the heating and cooling setpoints.
The proposed methodology was assessed for two different types of buildings, a single-family house and a TABLE 6. Usage factors for one-, two-and multi-dwelling buildings, by hour and day of the week. multi-apartment block, which are located in ten European cities with climatic variations. The results from the simulations of the model were compared with the outcomes of other simulation tools (EnergyPlus, EN 13790 and INVERT/EE-Lab) used in the European project, ENTRANZE. From the assessment, it was clear that there were shorter deviations of ISO 52016-01 with the other simulation tools for the multi-apartment building. It was concluded that any differences are to due to differences in the internal air temperature, weather data, as well as the approaches of ventilation and shading effects, The proposed methodology can approximate more accurately the operative temperature, since it takes into account the air temperature, as well as the temperatures and the areas of the internal surfaces. Besides that, this simplified modelling considers the properties of all building components separately, while other modelling strategies take into account an overall U-value of the property. Finally, the short computational time for the calculation of heating and cooling needs throughout the year is one of the main advantages for the massive application of the proposed method.
APPENDIXES APPENDIX A
The following factors are extracted from ISO 17772-1:2017 [55] (see Table 6 ).
